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ABSTRACT Bioﬁlm formation by Staphylococcus aureus involves the formation of an extracellular matrix, but the composition of
thismatrixhasbeenuncertain.Herewereportthatthematrixislargelycomposedofcytoplasmicproteinsthatreversiblyassoci-
atewiththecellsurfaceinamannerthatdependsonpH.Weproposeamodelforbioﬁlmformationinwhichcytoplasmicpro-
teinsarereleasedfromcellsinstationaryphase.TheseproteinsassociatewiththecellsurfaceinresponsetodecreasingpHdur-
ing bioﬁlm formation. Rather than utilizing a dedicated matrix protein, S. aureus appears to recycle cytoplasmic proteins that
moonlightascomponentsoftheextracellularmatrix.
IMPORTANCE Staphylococcus aureus is a leading cause of multiantibiotic-resistant nosocomial infections and is often found
growingasabioﬁlmincathetersandchronicwounds.Bioﬁlmformationisanimportantpathogenicitystrategythatenhances
resistancetoantimicrobials,therebylimitingtreatmentoptionsandultimatelycontributingtoincreasedmorbidityandmortal-
ity.Cellsinabioﬁlmareheldtogetherbyanextracellularmatrixthatconsistsinwholeorinpartofprotein,butthenatureofthe
proteins in the S. aureus matrix is not well understood. Here we postulate that S. aureus recycles proteins from the cytoplasm to
formtheextracellularmatrix.Thisstrategy,ofcytoplasmicproteinsmoonlightingasmatrixproteins,couldallowenhancedﬂex-
ibility and adaptability for S. aureus in forming bioﬁlms under infection conditions and could promote the formation of mixed-
speciesbioﬁlmsinchronicwounds.
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B
ioﬁlms are surface-associated, multicellular communities in
which cells are held together by means of a self-produced,
extracellular matrix. The bioﬁlm provides a protective environ-
ment that helps shield cells from external stresses and facilitates
community behaviors, such as interactions with a host organism
and pathogenicity. Both the nature of the matrix and the regula-
torymechanismsmediatingitsproductionappeartodifferwidely
amongbacterialspecies.Nonetheless,inmostcasesthathavebeen
studied in detail, the matrix consists of a combination of exopo-
lysaccharide, a dedicated protein, and DNA (1, 2).
Staphylococcus aureus is an important human pathogen and
frequently forms bioﬁlms in clinical settings, most often on cath-
eters and other implanted devices but also in chronic wounds (3,
4).S.aureusbioﬁlmformationbeginswhencellsbindtoasurface
ortohostfactors,suchasﬁbrinogenandﬁbronectin(5).Thecells
then form a multilayered bioﬁlm through intercellular interac-
tionsandtheproductionofanextracellularmatrix.Initially,itwas
thought that S. aureus bioﬁlm formation relied solely on the pro-
duction of an extracellular polysaccharide, polysaccharide inter-
cellularadhesion(PIA),theproductofgenesoftheicaoperon(6).
However, more recent work, including results presented here, in-
dicates that in many strains PIA is dispensable for bioﬁlm forma-
tion (7). Extracellular DNA (eDNA), released from cells through
regulated autolysis, is thought to contribute to the structural sta-
bilityofS.aureusbioﬁlms(8).Finally,previouslydetermineddata
indicatethatproteinsplayanimportantroleinbioﬁlmformation,
butaclearpictureoftheidentityoftheproteinsthatcomprisethe
matrix has yet to emerge (2, 9).
Here we sought to identify, comprehensively, proteins that
comprise the matrix in an unbiased approach based on the use of
mass spectrometry. We report that the proteinaceous matrix is
principally, if not exclusively, composed of cytoplasmic proteins
thatarerecycledascomponentsoftheextracellularmatrixduring
bioﬁlm formation. We further show that the aggregation of these
cytoplasmic proteins in the interstitial space around cells takes
place in a manner that depends on decreasing pH during growth
underbioﬁlm-inducingconditions.Weproposeamodelinwhich
certain abundant cytoplasmic proteins moonlight during bioﬁlm
formationascomponentsoftheextracellularmatrixthatmediates
cell-cell adherence.
RESULTS
Identiﬁcation of bioﬁlm-associated cell surface proteins. S. au-
reus strain HG003 forms robust bioﬁlms in tryptic soy broth
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supplemental material). Both DNA and protein components of
the matrix were found to be important for bioﬁlm formation (see
Fig. S1A). However, exopolysaccharide and the bioﬁlm-
implicated cell wall proteins, protein A (10) and ﬁbrinogen-
binding proteins A and B (11), did not contribute signiﬁcantly
(see Fig. S1B).
We took an unbiased approach to identify cell surface-
associatedproteinspresentunderbioﬁlm-inducingconditionsby
adapting a 14N/15N metabolic labeling procedure used in a previ-
ous proteomic analysis of S. aureus (12, 13). Cell surface-
associated proteins were tagged by biotinylation, allowing their
speciﬁc isolation and identiﬁcation (13). The ratio of 14N (bio-
ﬁlm) to 15N (nonbioﬁlm) peptides for each protein gave an esti-
mateoftheabundanceofagivenproteinundereachgrowthcon-
dition (see Table S1 in the supplemental material).
Interestingly, despite our selecting speciﬁcally for extracellular
proteins by biotinylation, most of the proteins identiﬁed were
predicted cytoplasmic proteins. We established a cutoff value for
proteins considered to be enriched during bioﬁlm formation as
those having a 14N/15N ratio greater than 2. These 11 proteins are
characterized by roles in central metabolism, such as glycolysis
and fermentation (14). Consistent with our ﬁndings, several of
these proteins (for example, enolase, transketolase, acetolactate
synthase, GAPDH [glyceraldehyde-3-phosphate dehydrogenase],
andlactatedehydrogenase)werepreviouslyfoundtobeabundant
under bioﬁlm-inducing conditions and in the bioﬁlm exopro-
teome (15–17) in studies that did not investigate their role in
bioﬁlm formation. In addition to identifying proteins that were
enrichedunderbioﬁlm-inducingconditions,wealsodetectedex-
tracellular proteins that were either more abundant under the
non-bioﬁlm-inducingconditionsorshowedequallevelsofabun-
dance under the two sets of conditions (having a 14N/15N ratio of
between 0.5 and 2) (see Table S1 in the supplemental material).
We focused on two of the identiﬁed proteins, enolase and
GAPDH,andaskedwhetherwecouldobserveassociationofthese
proteins with the cell surface by a method that did not depend on
biotinylation. Cells harvested from a mature bioﬁlm were washed
in phosphate-buffered saline (PBS) at 4°C for 1 h before the cells
were removed by mild centrifugation. Among the proteins that
were seen in the buffer fraction, by SDS-PAGE (Fig. 1A, lane 1),
were enolase and GAPDH, as judged by immunoblot analysis
(Fig. 1B).
Do cell surface-associated, cytoplasmic proteins arise from
cell lysis during sample preparation? A possible explanation for
the presence of cytoplasmic proteins in our cell surface samples
was cell lysis or enhanced permeability during enrichment of
surface-associated proteins from cells. We took three approaches
toinvestigatethispossibility.First,weaskedwhethercellsbecome
permeable upon harvesting from the bioﬁlm and resuspension in
PBS using LIVE/DEAD staining. This analysis indicated that the
percentage of permeable cells was unaltered by incubation for 1 h
in PBS (Fig. 2A).
Second, we monitored cell lysis as the decrease in optical den-
sity at 600 nm (OD600) with time after resuspension in the pres-
enceofTritonX-100,adetergentthatstimulatesautolyticactivity
in S. aureus. Resuspension of cells from a mature bioﬁlm in PBS
had little to no effect on the rate of lysis, whether stimulated by
Triton X-100 or not (Fig. 2B). The rate of stimulated autolysis
(decreaseinOD600withtime)wasverylowincellsharvestedfrom
thebioﬁlmcomparedtocellsfromexponentiallygrowingcultures
inthesamemedium(Fig.2B),suggestingthatbioﬁlmcellsarenot
signiﬁcantly prone to lysis and that extraction with PBS does not
stimulate lysis.
Finally, we asked whether cell surface-associated cytoplasmic
proteinsaroseduringbioﬁlmformationorfromlysisinPBS.Pro-
teinase K was added upon inoculation, and then a protease inhib-
itorwasadded1hpriortoharvestingthebioﬁlmcells.Theresults
showed that only a very small amount of protein was detected in
the PBS extract of bioﬁlm cells (Fig. 2C). When we “spiked in” a
cell lysate after the addition of inhibitor, proteins from the lysate
were readily detected in the PBS extract, indicating the effective-
ness of the inhibitor. The results are consistent with the idea that
thecellsurface-associatedproteinswerereleasedfromcellsduring
bioﬁlm formation when they accumulated on the outer side of
cellsandnotduringoursamplepreparationprocedure.Itshould,
however, be noted that since treatment with proteinase K inhibits
bioﬁlm formation (see Fig. S1A in the supplemental material),
presumably through degradation of the protein matrix, it is pos-
sible that the treated cells could be physiologically different and
thus less prone to subsequent cell lysis.
Protein retention at the cell surface reversibly depends on
pH.Next,weaskedwhatpropertyofPBSbuffermightberespon-
sible for the release of cell surface-associated proteins from cells
from the bioﬁlm into the surrounding milieu. We reasoned that a
change in pH from the acidic conditions found within bioﬁlms
FIG 1 Cytoplasmic proteins are extracted from bioﬁlm cells in PBS. HG003
bioﬁlm cells grown in TSBG were incubated in PBS (pH 7.5). (A) SDS-PAGE
analysis of buffer extract (lane 1) and cell lysate (lane 2). The size marker (M)
is shown in kDa. (B) Western blots using anti-enolase (top panel) and anti-
GAPDH (lower panel) antibodies. Arrows indicate the expected positions of
enolase and GAPDH.
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previous observations, we found that bioﬁlm formation was ac-
companiedbyasigniﬁcantdecreaseingrowthmediumpHwhich
was dependent on the availability of glucose (see Fig. S2A in the
supplementalmaterial)andthatadecreaseinpHwasrequiredfor
bioﬁlm formation (see Fig. S2B).
These results led us to hypothesize that cytoplasmic proteins
associatewiththecellsurfacetoformaproteinmatrixinamanner
thatdependsonlowpH.Toinvestigatethishypothesisfurther,we
incubated bioﬁlm cells in PBS buffer at pH 5. Little to no protein
couldbedetectedintheresultingextract,incontrasttotheresults
seen when cells from the same bioﬁlm sample were incubated at
pH 7.5 (Fig. 3A, compare lanes 1 and 3). This was not due to
protein degradation at pH 5 since proteins could still be extracted
atpH7.5frombioﬁlmcellsthathadbeenincubatedatpH5for1h
(Fig.3A,comparelanes1and2).Proteinsremainedcellassociated
at pH 5 but were released upon exposure to higher pH.
We found that proteins added exogenously (not originating
from cells within the bioﬁlm itself) could also be “captured”
through an interaction with bioﬁlm cells (Fig. 3B). Whole-cell
lysatefromHG003cellswasaddedtomaturebioﬁlmcellcultures,
and the bioﬁlm cells were then incubated at pH 5 and pH 7.5.
Proteins(comprisingthosenaturallyoccurringinthebioﬁlmand
those added in) (Fig. 3B, compare lanes 4 and 5) were released
from the cell surface at pH 7.5 and not at pH 5 (Fig. 3B, compare
lanes 2 and 5). Proteins from exogenously added cell-free lysate
were equally recovered from PBS at pH 5 and pH 7.5 (Fig. 3B,
lanes 3 and 6), indicating that, in the absence of bioﬁlm cells,
proteins do not precipitate at pH 5 but remain in aqueous solu-
tion. This suggests that, in the presence of cells from a bioﬁlm,
exogenously added lysate proteins interact with the cell surface at
low pH and are then released at pH 7.5.
To investigate the speciﬁcity of protein interactions with the
cell surface, we next determined whether a heterologous protein,
FIG 2 Protein accumulation is not the result of cell lysis during sample processing. (A) Cells do not display increased permeability when resuspended in PBS.
Bioﬁlm cells were subjected to LIVE/DEAD staining before and after incubation in PBS (pH 7.5) for1ha t4°C. Quantiﬁcation of the percentage of each
population of cells (permeable to SYTO9) consisting of dead cells (permeable to propidium iodide) is shown, with error bars indicating the standard deviation.
(B)TherateofautolysisofcellsisunchangedbyresuspensioninPBS.HG003wasgrowneitherunderbioﬁlm-formingconditionsfor24horinthesamegrowth
medium with shaking (planktonic cells) for 2.5 h at 37°C. Cells were harvested by centrifugation and then resuspended in PBS or PBS containing 0.1% Triton
X-100. Bioﬁlm cells in PBS (), planktonic cells in PBS (), bioﬁlm cells in PBS plus Triton (x), and planktonic cells in PBS plus Triton (e) are shown. The
percentage of starting OD600 is displayed as an average of the results of three independent experiments, with error bars representing the standard deviation. (C)
ProteinisnotreleasedinsigniﬁcantamountsafterresuspensionofbioﬁlmcellsinPBS.ProteinsreleasedintoPBSbufferwereanalyzedbySDS-PAGEfollowing
treatmentofbioﬁlmcellswithandwithoutproteinaseK(protease).At23h,aproteaseinhibitorcocktailwasaddedtocertainsamples(inhibitor).Twotest
sampleswerespikedwithHG003cell-freelysateasacontrol(lysate).AnequalvolumeofPBS,notcontainingcells,wasadditionallyspikedwithHG003cell-free
lysate as a control (lane 7). Three bands expected to represent proteinase K (in those lanes where it was added) are indicated by the bracket on the left of the gel.
A size marker is indicated on the right in kDa.
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bioﬁlm cells. Cells that had been grown under bioﬁlm-forming
conditions were incubated in PBS at pH 5 and pH 7.5 in the pres-
ence of lysate proteins isolated from a strain of HG003 that con-
stitutivelyproducesGFP(LCF81).Afterremovalofthecells,GFP
was detectable in PBS by immunoblotting with an anti-GFP anti-
body (Ab) at pH 7.5 but not at pH 5 (Fig. 3C). When cells from
PBS at pH 5 were subsequently incubated in PBS at pH 7.5, GFP
wasreleasedintothehigher-pHbuffer(Fig.3C).Incontrast,when
cellsalreadyincubatedatpH7.5werewashedasecondtimeatthe
samepH,nofurtherGFPcouldbeobservedbyimmunoblotanal-
ysis, suggesting that GFP does not associate with cells at pH 7.5
(Fig. 3C). The pH-dependent interaction of GFP with the cell
surface was speciﬁc to bioﬁlm cells since GFP was detectable in
PBSbothatpH5andatpH7.5afterincubationwithHG003cells
grown to the exponential phase (Fig. 3C). This indicates that a
speciﬁcfeatureofcellsgrownunderbioﬁlm-formingconditionsis
requiredtomediatethebindingofexogenouslyaddedproteinsto
the cell surface.
In the course of conducting these experiments, we observed
that cell pellets from bioﬁlm cells formed as diffuse smears (di-
rectly from bioﬁlm medium or in PBS at pH 5) at low pH but
formed as compact pellets after incubation at pH 7.5 (data not
shown). Cell pellets from a bioﬁlm were also more easily resus-
pendedtohomogeneityatpH7.5thanatpH5.Consequently,we
examinedcellsbyphase-contrastmicroscopyfollowingresuspen-
sion. Bioﬁlm cells resuspended at pH 5 were frequently found in
large cell clusters that were often associated with other material
(Fig. 3D, upper panels). In contrast, cells resuspended at pH 7.5
were largely separate or in small clusters without this associated
material (Fig. 3D, lower panels). We propose that low pH causes
cytoplasmic proteins to aggregate at the cell surface and that this
aggregateisaprincipalcomponentoftheextracellularmatrixthat
holds cells together in the bioﬁlm.
Toassesswhethertheaccumulationofcytoplasmicproteinson
the cell surface of HG003 bioﬁlm cells is a common feature of
S. aureus, we repeated our analysis using four other strains com-
monlyusedforthestudyofbioﬁlmformation.Althoughtheydid
not make bioﬁlms as robust as those made by HG003, strains
Newman, UAMS1, MN8, and RN4220 all produced quantiﬁable
levels of bioﬁlm when grown in 96-well plates in TSBG (see
Fig.S3Ainthesupplementalmaterial);furthermore,themedium
pH decreased during growth to around 4.5 to 5 in all cases (data
notshown).Cellswereharvestedfromeachbioﬁlmandincubated
FIG3 ProteinretentionatthecellsurfacereversiblydependsonpH.(A)ProteinsfromthebioﬁlmmatrixwerereleasedfromthecellsurfaceinapH-dependent
manner. Data represent SDS-PAGE analysis of proteins from bioﬁlm cells incubated in PBS at pH 5 (lane 1), pH 5 followed by pH 7.5 (lane 2), pH 7.5 (lane 3),
and pH 7.5 followed by pH 7.5 (lane 4), proteins concentrated from bioﬁlm growth medium (lane 5), and cell lysates from the cells incubated at pH 5 (lane 6)
and pH 7.5 (lane 7). The size marker (M) is shown in kDa. (B) Accumulation of exogenously added proteins at the cell surface depends on low pH and on the
presence of S. aureus bioﬁlm cells. Data represent bioﬁlm cells extracted in PBS at pH 5 (lane 1), bioﬁlm cells spiked with cell-free lysate extracted at pH 5 (lane
2), PBS at pH 5 spiked with cell-free lysate (lane 3), bioﬁlm cells extracted in PBS at pH 7.5 (lane 4), bioﬁlm cells spiked with cell-free lysate extracted at pH 7.5
(lane 5), and PBS at pH 7.5 spiked with cell-free lysate (lane 6). (C) Exogenously added GFP interacts with the cell surface of bioﬁlm but not exponential cells at
pH 5. Lysate isolated from exponentially growing HG003 expressing GFP (LCF81) was added to PBS (pH 5 and pH 7.5). HG003 cells from bioﬁlm-forming
conditions and from exponential-growth-stage shaking cultures were incubated in the two buffers for1ha t4°C. Cells were then incubated in PBS (pH 7.5) for
a further 1 h. The presence of GFP in each extraction was determined by immunoblotting using an anti-GFP antibody. (D) Cell clumping is reduced following
resuspension at pH 7.5. Cells collected from bioﬁlms were gently resuspended in PBS (pH 5 or pH 7.5) and observed by phase-contrast microscopy.
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waspossibletoobservethereleaseofproteinsintoPBSfromthree
of the four strains at pH 7.5 but not at pH 5 (see Fig. S3B). Inter-
estingly,RN4220didnotappeartoreleaseasigniﬁcantamountof
protein from the cell surface into PBS at pH 7.5 despite making a
robust bioﬁlm. This might suggest either that proteins adhere
more tightly to RN4220 cells or that this strain utilizes a different
mechanism for bioﬁlm formation (7, 18). Taken together, these
results indicate that accumulation of cytoplasmic proteins on the
cell surface might be a frequent feature of bioﬁlm formation in
S. aureus.
Cytoplasmicproteinsassociatewiththeoutersideofcellsin
intact bioﬁlms. If cytoplasmic proteins accumulate on the cell
surface under bioﬁlm-inducing conditions and constitute the ex-
tracellular matrix, it should be possible to detect them in intact
bioﬁlms that have not been manually disrupted. We used immu-
noﬂuorescencemicroscopytovisualizeonlythoseproteinsacces-
sibletoantibodiesandthusexternaltocells.Toeliminatenonspe-
ciﬁc background caused by the IgG-binding activity of protein A,
weutilizedaproteinAdeletionmutantofHG003(spa)whichis
unaffected in its ability to form bioﬁlms (see Fig. S1B in the sup-
plementalmaterial).Asexpected,cellsofthespamutantdidnot
exhibit binding to a non-speciﬁc IgG antibody, anti-Halotag (see
Fig. S4A).
Fixed bioﬁlms were probed for target proteins using primary
rabbit antibodies and visualized using a secondary antibody con-
jugated to Alexa Fluor 488. The location of individual cells within
the bioﬁlm was observed by staining the chromosomal DNA with
DAPI (4=,6-diamidino-2-phenylindole). Anti-enolase binding
was visualized as a diffuse accumulation of ﬂuorescent signal
around and between cells within the bioﬁlm (Fig. 4A). The de-
tected proteins appeared to occupy areas between, and not over-
lappingwith,regionsofDAPIstaining,suggestinganextracellular
location. In contrast, a cytoplasmic protein (represented by ﬂuo-
rescence from GFP expressed constitutively) was seen to colocal-
izewithregionsofDAPIstaining(seeFig.S4Binthesupplemental
material). The localization of enolase was distinct from that of a
typical covalently attached cell wall protein, protein A, which was
seen as clear rings around the cell periphery of wild-type cells (see
Fig.S4C).Anti-GAPDHantibodieslocalizedaroundandbetween
cellswithinthebioﬁlminahoneycomb-likepattern,againclearly
occupying a space distinct from the nuclei/cytoplasm (Fig. 4A).
Theproteinsdetectedbythetwoantibodiesweremostapparentin
certain areas and predominantly closer to the top of the bioﬁlm.
Fluorescent signal was not apparent using nonspeciﬁc antibodies
suchasananti-GFPantibody(withcellsnotproducingGFP)ora
rabbit anti-mouse-FITC antibody (data not shown).
Since the genes encoding enolase and GAPDH are essential in
S. aureus, we were unable to construct deletion mutants that
would function as negative controls in immunoﬂuorescence ex-
periments.Toconﬁrmthatourresultswerenotduetononspeciﬁc
binding of anti-enolase and anti-GAPDH antibodies to other cell
surface proteins, we constructed spa strains in which the native
copy of each gene (encoding enolase or GAPDH) was replaced
withacopythatwouldresultinafusionoftheHaloTagwiththeC
terminus of the respective protein. The resulting strains (LCF88
and LCF89) were viable and exhibited no signiﬁcant changes in
growth or bioﬁlm formation compared to the spa strain (see
Fig. S5A in the supplemental material). Furthermore, LCF88 and
LCF89 were found to produce bands of the expected size for the
fusion products by immunoblotting using an anti-HaloTag anti-
body in cell lysates and in cell surface extracts (PBS at pH 7.5) of
cellsgrownunderbioﬁlmconditions(seeFig.S5B).Acommercial
anti-HaloTagantibodydidnotreacttoproteinsonthecellsurface
of the HG003 spa mutant, indicating that the antibody did not
displaynonspeciﬁcbinding(Fig.4B).Incontrast,instrainsLCF88
and LCF89, respectively, the anti-HaloTag antibody revealed a
pattern of protein localization similar to that seen with anti-
enolase and anti-GAPDH antibodies (Fig. 4B).
DISCUSSION
Ahallmarkofbioﬁlmformationincertainbacteriaistheproduc-
tionofadedicatedproteincomponentoftheextracellularmatrix,
suchasCurliinEscherichiacoliorTasAinBacillussubtilis(19).We
FIG 4 Immunoﬂuorescence visualization of enolase and GAPDH in ﬁxed HG003 bioﬁlms. (A) Fixed HG003 spa bioﬁlms were probed with primary rabbit
anti-enolaseoranti-GAPDHantibodies,followedbyasecondaryanti-rabbitantibodyconjugatedtoAlexaFluor488(green).CellnucleiwerestainedwithDAPI
(blue). (B) Fixed HG003 spa, LCF88 (expressing enolase-HaloTag), and LCF89 (expressing GAPDH-HaloTag) bioﬁlms were probed with primary rabbit
anti-HaloTag antibodies, followed by a secondary anti-rabbit antibody conjugated to Alexa Fluor 488 (green). Cell nuclei were stained with DAPI (blue).
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matrix, although it is possible that such a dedicated protein(s)
contributes to the matrix under other conditions or in other
strains. Instead, our evidence suggests a model in which cytoplas-
micproteinsattachtoandassembleonthecellsurfacetoformthe
extracellular matrix. Formation of the matrix is triggered by a
decrease in pH during the post-exponential phase in bioﬁlm-
inducing medium. We further propose that the matrix thus
formed causes cells in the bioﬁlm to adhere to each other. Inter-
estingly, the assembly process is reversible in that proteins can be
solubilized from the cell surface, after manual disruption of the
bioﬁlm, by artiﬁcially increasing the pH. Finally, our evidence
indicatesthatpH-drivenassociationofproteinsonthecellsurface
is a common feature of protein-dependent bioﬁlm formation in
diverse strains of S. aureus.
How are cytoplasmic proteins released into the surrounding
milieuduringbioﬁlmgrowth?Ithaspreviouslybeenreportedthat
a variety of species of Gram-positive bacteria, including S. aureus,
releasecytoplasmicproteinsintotheexternalenvironmentduring
stationaryphase(20,21).However,themechanismbywhichpro-
teinslackingsignalpeptidesareexportedfromcellsisunclear,and
both speciﬁc (e.g., secretion) and nonspeciﬁc (e.g., cell lysis)
mechanisms are possible (20–23). Bioﬁlm formation by S. aureus
has previously been suggested to be dependent on regulated au-
tolysis for the accumulation of extracellular DNA (24). Conceiv-
ably, regulated autolysis may also be the basis for the extracellular
presence of cytoplasmic proteins.
Theideathatcytoplasmicproteinsmightaccumulateextracel-
lularly and perform a novel function in that location is not new
(22, 25). Such “moonlighting” functions of proteins appear to be
widespread. In particular, enzymes of glycolysis are commonly
observed associating with the cell surface and mediating host fac-
tor attachment (26–28). For example, GAPDH and enolase were
found to associate, at low pH, with the cell surface of L. crispatus
cells and to mediate host attachment (29). Although we currently
do not know what properties of proteins are important for their
recruitment into the bioﬁlm matrix, we observed that even a het-
erologous protein, GFP, could associate in a pH-dependent man-
nerwithcellswhengrownunderbioﬁlm-inducingconditionsbut
not when grown under planktonic conditions, suggesting that
somephysicalpropertyofthecellsurfaceunderbioﬁlm-inducing
conditions mediates this interaction.
We observed that the presence of glucose, which leads to the
accumulation of acidic byproducts from fermentation, is critical
forthedecreaseinpHinbioﬁlm-inducingmedium.Interestingly,
high glucose levels correlate with increased S. aureus bioﬁlm for-
mationinclinicalsettingsandhyperglycemiaisamajorriskfactor
for nosocomial infections (30). It was found that the rate of nos-
ocomial infection was 2.7-fold higher in patients with blood glu-
coselevelsofgreaterthan220mg/dl(0.22%)(31),aconcentration
similar to that required to induce bioﬁlm formation in vitro
(0.25%) (data not shown). It is still unclear how much glucose is
present in the microenvironment of a wound or in-dwelling-
medical-device infection. However, many sites of S. aureus colo-
nization have acidic pH (32) and it has frequently been reported
thatinﬂammationinthecontextofabscessinfectionsisassociated
with a lowered-pH environment (33). Conceivably, low pH is a
contributing factor for bioﬁlm formation in physiological con-
texts. In further support of our model under physiological condi-
tions,severalcytosolicproteinswereidentiﬁedasbioﬁlmcellwall
antigens in a chronic osteomyelitis model in rabbits (15).
We postulate that cell surface-associated cytoplasmic proteins
contribute to bioﬁlm formation in S. aureus. However, genetic
evidenceforthismodelwillbedifﬁculttoobtainbecausethegenes
for many of the cytoplasmic proteins we identiﬁed, for example,
GAPDH (gapA) and enolase (eno), are essential. Additionally,
since we postulate that many cytoplasmic proteins can contribute
to the matrix, elimination of just one such protein might have
littleeffectonmatrixformation.Wethereforeanticipatethatfur-
ther investigation of the role of cytoplasmic proteins in bioﬁlm
formation will require an understanding of the mechanism by
which cytoplasmic proteins are released from stationary-phase
cellsandthenaggregateonthecellsurfaceinresponsetoadropin
pH.Itisalsotemptingtospeculateaboutapossiblerolewithinthe
contextofthismodelforextracellularDNA(eDNA),which,along
with protein, is required for bioﬁlm formation. We suggest that
eDNA might serve as an electrostatic net linking protein-coated
cells in the bioﬁlm. We note that at pH 4.5 to 5, these surface-
associated, cytoplasmic proteins are likely to carry a net positive
charge, facilitating their interaction with the proposed eDNA net.
Finally, our ﬁndings are of course limited to an in vitro, static
bioﬁlm model at a speciﬁc bioﬁlm growth stage. It remains to be
seen whether these ﬁndings will be applicable to other in vitro
bioﬁlm models (e.g., ﬂow cells) and to physiologically relevant
bioﬁlms.
The repurposing of abundant cytoplasmic proteins as matrix
components offers S. aureus the advantage of not investing in the
production of dedicated matrix proteins during bioﬁlm forma-
tion. Conceivably, other Gram-positive bacteria employ a similar
moonlighting strategy in making bioﬁlms, and the use of con-
served cytoplasmic proteins in the bioﬁlm matrix might facilitate
interspecies interactions. S. aureus has been found in chronic
wounds (such as diabetic ulcers) with multiple other bacterial
species, and 60% of such wounds were observed to contain bio-
ﬁlms (4). S. aureus might form multispecies bioﬁlms without the
necessity to speciﬁcally recognize the dedicated matrix compo-
nents of the other species. The recycling of cytoplasmic proteins
could therefore represent an efﬁcient and versatile strategy for
buildingmulticellularcommunities.Itwillbeinterestingtoseein
future work whether cytoplasmic proteins that moonlight as ma-
trix components represent a widespread strategy for bioﬁlm for-
mation.
MATERIALS AND METHODS
Strains and growth conditions. S. aureus strains are listed in Table S2 in
the supplemental material. S. aureus was cultured in tryptic soy broth
(TSB;EMDMillipore)andonLBagar(BD)at37°C.Othergrowthmedia
werebrainheartinfusion(BHI;EMDMillipore),BioExpress1000(Cam-
bridge Isotope Laboratories), and TSB without glucose (peptone from
casein [BD], 17 g/liter; peptone from soymeal [Amresco], 3 g/liter; NaCl
[Sigma], 5 g/liter; dipotassium hydrogen phosphate [Macron], 2.5 g/li-
ter).E.coliDH5wasculturedinLBandonLBagar.Whereappropriate,
S. aureus was selected on 3 g/ml tetracycline and E. coli on 50 g/ml
ampicillin. The pH of bioﬁlm cultures was measured by spotting 20 to
30 l on pH strips (range, 4.5 to 10; VWR).
S. aureus quantitative bioﬁlm assays. For bioﬁlm growth, an over-
night culture of HG003 was diluted at 1 in 1,000 into fresh medium (typ-
ically TSB supplemented with 0.5% glucose [TSBG] or as speciﬁed in the
text) and 200 l was divided into aliquots and introduced into a Nunc
MicroWell 96-well microplate (catalog. no. 167008; Thermo/Fisher Sci-
Foulston et al.
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reader (BioTek Instruments). Plates were incubated statically at 37°C for
24 h. The medium in each well was removed to a new 96-well plate. The
bioﬁlms were washed twice with 100 l phosphate-buffered saline (PBS)
(pH 7.5), and the two washes were amalgamated into a new 96-well mi-
crotiterplate.Thebioﬁlmswereresuspendedin200lPBS.TheOD600of
each fraction was recorded using a Bio-Tek Synergy II plate reader. The
startingOD600wassubtractedfromthatforeachmediumsample,andthe
absorbance of PBS was subtracted from the values for the wash and bio-
ﬁlmsamples.Resultsfromreplicatewells(4)wereaveraged,andastan-
darddeviationwascalculated.ProteinaseK(OmegaBio-Tek)wasusedat
0.1 mg/ml. DNase I (Qiagen) was used at 28 U/ml.
Construction of unmarked deletion mutants in HG003. In-frame,
unmarked deletions of speciﬁc regions of the HG003 genome were con-
structed essentially as described in reference 34. Deletion constructs were
generated in pKFT using Gibson assembly (35) and primers shown in
Tables S3 and S4. Constructs were transferred to HG003 and double-
crossover recombinants selected as described in reference 34. For a de-
tailed description, see the supplemental material.
Enrichment for cell-associated proteins from bioﬁlm cells. HG003
wasinoculatedat1in1,000intoTSBGandBioExpress1000 15Nin6-well
tissue culture plates (Falcon 353046) for each of three biological repli-
cates. Plates were incubated statically at 37°C for 24 h. Cells and growth
mediawereharvestedusingawellscraperat4°C,andcellswerepelletedby
centrifugation at 7,500  g for 5 min. Cells grown in TSBG for each
replicate were resuspended in 5 ml PBS (pH 7.5 to 8) containing 1 mM
phenylmethylsulfonyl ﬂuoride (PMSF), and this was used to resuspend
cells grown in BioExpress (equal numbers of OD600 units). Surface-
associated proteins were enriched by biotinylation as described in refer-
ence13.ProteinswereseparatedbySDS-PAGEandstainedwithCoomas-
siebrilliantblueR-250.Acompleteproteinseparationlanewascutinto5
equal gel slices. In-gel digestion was performed with trypsin (Promega) (36).
Allpeptidesobtainedfromanin-geldigestionwereseparatedbyliquid
chromatography and measured online by electrospray ionization (ESI)
mass spectrometry. Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analyses were performed using an Easy-nLC II high-
pressure liquid chromatography (HPLC) system (Thermo/Fisher Scien-
tiﬁc) coupled directly to an LTQ Orbitrap Velos mass spectrometer
(Thermo/FisherScientiﬁc).AllMSanalysisandproteinidentiﬁcationand
quantiﬁcation procedures were performed at the Harvard Mass Spec-
trometry and Proteomics Resource Laboratory, FAS Center for Systems
Biology, Cambridge, MA.
Analysis of proteins released into PBS. Bioﬁlm cells grown in 6-well
plates were pelleted by centrifugation at 5,500  g for 10 min. Proteins
were precipitated from growth medium using trichloroacetic acid (TCA)
precipitation.Bioﬁlmcellsweregentlyresuspendedin5mlPBS(pH7.5to
8 or pH 5 [pH decreased by the addition of HCl]) containing cOmplete
Protease Inhibitor Cocktail (Roche) (according to manufacturer’s in-
struction) by gently swirling the 50-ml tube. Cells were incubated at 4°C
with gentle rotation for 1 h. Cells were pelleted by centrifugation at 5,500
 g for 10 min, and the supernatant was passed over a 0.2-m-pore-size
ﬁlter. Proteins were concentrated for gel electrophoresis by TCA precipi-
tation.Whole-celllysateswereproducedbyFastPrepdisruption(MPBio-
medicals) (speed, 6.5; three 40-s steps) followed by centrifugation at
18,000gand4°Cfor15mintopelletcelldebris.Proteinswereroutinely
separated on 12.5% SDS-PAGE gels and stained with GelCode Blue Stain
reagent (Thermo/Fisher Scientiﬁc).
For proteinase K experiments, 0.1 mg/ml proteinase K was added at
the time of inoculation to appropriate wells. Protease activity was inhib-
itedbyaddingProteaseArrestsolution(G-Biosciences)tobioﬁlmwellsat
a3ﬁnalconcentrationandincubatingfor1hat37°C.Whereapplicable,
whole-cell lysate from HG003 or LCF81 grown to the stationary phase in
TSB (passed over a 0.2-m-pore-size ﬁlter to remove intact cells) (ap-
proximately25gtotal)wasaddedeitherdirectlytobioﬁlmculturesafter
removal of cells from the bioﬁlm growth plate or in the PBS extraction
buffer, as indicated.
Western blot analysis. Proteins separated by SDS-PAGE were trans-
ferred to a polyvinylidene diﬂuoride (PVDF) membrane. The membrane
was blocked for2ha troom temperature in 5% milk powder–5% goat
serum (Sigma-Aldrich)–Tris-buffered saline–Tween 20 (TBST; 150 mM
NaCl,50mMTris-HCl,0.05%Tween20).Membraneswereprobedwith
primary antibodies diluted in 5% milk–TBST. Rabbit anti-enolase anti-
body (against B. subtilis enolase; kind gift of Jörg Stülke) was used at a
dilution of 1:5,000, rabbit anti-GAPDH (37) was used at a dilution of
1:10,000,rabbitanti-GFP(38)wasusedatadilutionof1:4,000,andrabbit
anti-HaloTag polyclonal Ab (pAb) (Promega) was used at a dilution of
1:5,000. Antibody binding was detected with a goat anti-rabbit antibody
conjugated to horseradish peroxidase (Bio-Rad Laboratories) and Super-
Signal West Dura chemiluminescent substrate (Thermo/Fisher Scientiﬁc).
LIVE/DEAD staining. A1 - l volume of propidium iodide (diluted
1/10 in PBS) and a 1-l volume of SYTO 9 (1/10 in PBS) (LIVE/DEAD
BacLight bacterial viability kit; Life Technologies) were added per ml of
cells. Cells were incubated with the dyes at room temperature for 15 min.
Cells were washed once in PBS, resuspended in 150 l PBS, and observed
on a phase-contrast microscope ﬁtted with a 63 objective. Images were
taken using phase (500-ms exposure), GFP (100-ms exposure), and
mCherry(100-msexposure)ﬁlters.Live(green)anddead(red)cellswere
countedmanually,anddatawereaveragedfromaminimumof1,000cells
across at least three ﬁelds of view in three replicate experiments.
Autolysis assay. Triton X-100 induced autolysis assays were per-
formedessentiallyasdescribedinreference39.Brieﬂy,cellsweregrownin
TSBG under bioﬁlm-inducing conditions for 24 h or under shaking con-
ditions to the exponential phase (2 h). Cells were harvested by centrifu-
gation as described and then resuspended in PBS to an OD600 of 2. An
equal volume of PBS or PBS containing 0.1% Triton X-100 was then
added,and100lofcellswasintroducedintoeachofeightreplicatewells
in a 96-well microtiter plate. The OD600 was monitored every 10 min for
1.5 h and every 30 min thereafter. The OD600 at each time point was
plotted as a percentage of the starting OD600.
Immunoﬂuorescence. To carry out immunoﬂuorescence assays of
S. aureus bioﬁlms, we adapted a method for visualizing cell surface pro-
teins on planktonic cells (10) (for details, see the supplemental material).
Todetectantibodybinding,sampleswereexposedtogoatanti-rabbitIgG
conjugated to Alexa Fluor 488 dye (Life Technologies) diluted 1:1,000 in
PBS and chromosomal DNA was stained with DAPI (7.5 g/ml ﬁnal
concentration). Bioﬁlms were visualized by confocal laser scanning mi-
croscopy on a Zeiss LSM 700 microscope ﬁtted with a 63 oil objective.
AlexaFluor488wasexcitedwitha488-nmlaserandDAPIwitha405-nm
laser. Images were processed and analyzed using ZEN lite 2012 (Blue
edition; Zeiss).
Constructionofgene-HaloTagfusionsatnativeloci.Replacementof
the eno and gapA genes, at their native loci in the genome, with copies of
therespectiveORFsfusedtoasequenceencodingtheHaloTag(Promega)
was carried out as described in the supplemental material. Subsequently,
toallowtheuseofthesestrainsforimmunoﬂuorescence,thespagenewas
deleted by homologous recombination using construct pLF048.
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